Abstract. We have determined a detailed three-dimensional P wave velocity structure of the Japan subduction zone to 500-km depth by inverting local, regional, and teleseismic data simultaneously. We used 45,318 P wave arrivals from 1241 shallow and deep earthquakes which occurred in and around the Japan Islands. The arrival times are recorded by the Japan University Seismic Network which covers the entire Japan Islands densely and uniformly. We also used 4211 travel time residuals from 100 teleseismic events which are read from seismograms recorded by seismic stations in northeastern Japan. In comparison with the previous results obtained from only local and regional events, the present result for the area around the lower plate boundary and the mantle below the plate is determined more reliably because of the addition of 7035 data from 100 teleseismic events and 41 very deep earthquakes. In the crust and uppermost mantle, low-velocity zones are clearly visible beneath active volcanoes. In the mantle wedge the low-velocity zones generally parallel with the slab and exist continuously to a depth of about 200-km, which is consistent with the petrological, geochemical and geodynamic studies. We consider that the existence of volcanism-related low-velocity anomalies in the mantle wedge is a general seismological characteristic of subduction zones, in light of all the available tomographic results for many subduction zones in the world. The Pacific slab beneath Japan is imaged more clearly than in previous studies as a high-velocity zone with a thickness of 80-90 km and a P wave velocity 4-6% higher than the normal mantle. Lower velocity anomalies are found in the mantle below the slab.
Introduction
Since the pioneering work by Wadati [1935] , who first [Kennett and Engdahl, 1991] to determine a teleseismic ray between the hypocenter and receiver and find the intersection between the ray and the bottom plane of the modeling space. Then we trace the ray path between the intersection and receiver by using the 3-D ray tracer of Zhao et al. [1992a] . A relative travel time residual vii is then calculated from individual station residuals by removing the mean residual tj averaged over all stations for each event:
-
The mean residual is given by Table i in their paper).
Applying our technique to all the local, regional and teleseismic data and adopting the initial velocity model as described above, we performed a tomographic inver- With the addition of the teleseismic data, although the tomographic images for the crust, mantle wedge and the slab have changed little, the images are determined more reliably, especially for the area around the lower plate boundary and the mantle below the plate (see the resolution analyses as described in the following section). This improvement of the slab image is easy to understand. The teleseismic rays propagate basically in a vertical direction. They crisscross with the horizontally propagating rays from the deep events in the slab, resulting in good coverage of rays around the slab and the mantle below the slab. We can see in Figure   9 that a continuous high-velocity zone is clearly visible from 50 to 400-500 km in the two cross sections. The slablike zone has a thickness of 70-100 km and a P wave velocity 2-6% higher than the normal mantle.
The improved slab image in Figure 9 , however, is still not very satisfactory. The upper and lower boundaries of the high-velocity zone show a sawtooth shape. Relatively low velocity anomalies are visible in some areas within the high-velocity zone corresponding to the Pacific plate. The high-velocity zone is even broken by the low-velocity anomalies in several places. Obviously, the images in Figure 9 do not show the real form of the slab but just its obscure picture because of the imperfect resolution and parameterization of the free inversions.
Constrained Inversion
There are at least three reasons which motivated us to conduct the constrained inversions in which we introduced the high-velocity Pacific plate into the model. version. The resolution is generally high in the central part of the study area, which is expected. It is generally good for the layers shallower than 250-km. In the deeper areas corresponding to the subducting Pacific plate, the resolution is generally good and the pattern is, on the whole, correctly reconstructed. At the edge and deepest part of the study area, the pattern of the checkerboard is not correctly reconstructed. Figure 12 shows the result of another checkerboard resolution test with a grid separation of 50-km. We can see in Figure 12 that the resolution is high and the checkerboard pattern is correctly reconstructed for most of the study area.
From the two resolution tests, we can say that the tomographic image obtained in the present study has a spatial resolution of about 33-km for the upper 250-km depths and 33-50 km for the deeper areas. Note that the resolution, as a whole, becomes better than that of the result determined by Zhao and Hasegawa [1993] (see Figures 12 and 13 in their paper) (Figure 9 ). The geometry of the plate boundary we adopted here (Figure 6 ) is mainly determined from the distribution of deep earthquakes. We do not think that the seismicity alone can define this small bending curvature change, and therefore this feature is considered to be meaningless. We have conducted a number of inversions by taking into account the small curvature change of the plate boundary, and found that this small curvature change has almost no effect on the result we obtained.
In the mantle below the slab, we can see some velocity anomalies which have spatial extents of about 100-km or larger and P wave velocities 2-3% lower than that of the normal mantle. Taking into account the resolution scale in that area (33-50 km), we consider that these lower-velocity anomalies are real features, but not the artifacts of the inversion due to the lack of resolution. We will discuss these anomalies in more detail in the following section.
Discussion
So far, two kinds of travel time tomographic studies have been actively conducted, one using data from (the modeling depth depends on the aperture of the array used), but usually cannot determine well the shallow structure simply because teleseismic rays basically travel in a vertical direction and do not crisscross well near the surface. In this study, we conducted tomographic inversions by using the data from local, regional and teleseismic events simultaneously, which preserves the advantages of the two separate approaches and overcomes their drawbacks. The successful applications of the joint inversion method in this study demonstrate the power of this new approach. In this study, we used the teleseismic data collected only from the stations in northeastern Japan because we could only access the seismograms recorded by the seismic network of Tohoku University. If teleseismic data from all the JUNEC stations in the entire Japan Islands will be available in the future, we will be able to extend the modeling space to the lower mantle because the aperture of the array is greatly enlarged. Thus we may determine the structure around the 650-km discontinuity and get some information on the slab penetration in the mantle beneath Japan. With teleseismic data from stations in southwestern Japan, we may also determine the structure of the Philippine Sea plate well. The seismicity associated with the subduction of the young Philippine Sea plate exists at depths shallower than ~120-km in southwestern Japan. One interesting and important question is how deep the Philippine Sea plate penetrates beneath this area. Does it just reach the depth of the deepest seismicity or penetrate to a greater depth aseismically? A joint tomographic inversion of local and teleseismic data as adopted in this study may help to solve this problem. This kind of application has been made for the Alaska subduction zone, and a promising result obtained .
We found that in the Japan subduction zone, prominent low-velocity anomalies exist in the crust and mantle wedge above the sub ducting Pacific plate, and the low-velocity anomalies seem to be associated with the volcanism in the island arc [Hasegawa et km, which is the stability limit of phlogopite [Tatsumi, 1989] . The termination of dehydration in the subducting oceanic crust is essentially defined by the stability limit of hornblende, which is about 100-km. The temperature of the upper surface of the slab will change a little with the age of the slab. Thus the major dehydration reactions are considered to take place at depths shallower than 200-km in the mantle wedge. Aqueous fluids released from these hydrous minerals will move upward because of buoyancy; the migration mechanism may be the buoyancy-driven fracturing for magma migration under island arcs [Furukawa, 1993] ical Centre (ISC) and determined tomographic images with a spatial resolution scale of 100-km or larger. The subslab low-velocity anomalies show different images, which might be caused by variations in the study area, data set, analysis method, and resolution scale in each of the studies. The tomographic image beneath Japan determined by the present study has a much higher resolution than that of all the previous studies using the ISC data set and therefore is believed to be more reliable.
It is unclear how the subslab lower-velocity anomalies a simple planar plate, but has a complex geometry in both strike and dip directions. As a result, a similar mechanically induced convection may be also generated in the mantle below the slab by the subduction of the oceanic plate, which results in the lateral variation of density and/or temperature, and therefore causes the lateral heterogeneities of seismic velocity. Another possibility is that the lower-velocity anomalies below the slab show the image of mantle plumes arising from the deep interior of the Earth, e.g., from the 650-km discontinuity and/or the core-mantle boundary. To clarify this problem, further high-resolution tomographic studies are needed in this region and other subduction zones. Geodynamic studies in both theoretical and experimental aspects will also be helpful.
Conclusions
We simultaneously used a large number of high accuracy data from local, regional and teleseismic events to determine a detailed three-dimensional P wave velocity structure of the Japan subduction zone to a depth of 500-km. The subducting Pacific plate is clearly imaged by a free inversion without any a priori constraint on the slab in the starting model. However, constrained inversions are found to give a result which explains the whole data set better. Compared with previous results obtained from only local and regional events, the present result has a much higher resolution for the area around the lower boundary of the Pacific plate and the mantle below the plate, thanks to the addition of 7035 data from 100 teleseismic events and 41 very deep earthquakes. Prominent low-velocity anomalies exist in the crust and upper mantle beneath active volcanoes. In the mantle wedge the low-velocity anomalies dip toward the west and extend continuously to.a depth of about 200-km, which is consistent with petrological, geochemical and geodynamic studies. We believe that the existence of the volcanism-related mantle wedge low-velocity anomalies is a common seismological feature of subduction zones, in light of all the available tomographic results for many subduction regions in the world. The subducting Pacific plate beneath Japan is imaged well as a high-velocity zone with a thickness of 80-90 km and a P wave velocity 4-6% higher than the normal mantle. Lower-velocity anomalies are visible in the mantle below the slab.
